[1] A synthesis is provided of dissolved organic nitrogen (DON) and phosphorus (DOP) distributions over the Atlantic Ocean based upon field data from eight recent transects, six meridional between 50°N and 50°S and two zonal at 24°and 36°N. Over the entire tropical and subtropical Atlantic, DON and DOP provide the dominant contributions to total nitrogen and phosphorus pools for surface waters above the thermocline. Elevated DON and DOP concentrations (>5 and >0.2 mmol L À1 , respectively) occur in surface waters on the eastern side of the North Atlantic subtropical gyre and equatorial sides of both the North and South Atlantic subtropical gyres, while particularly low concentrations of DOP (<0.05 mmol L À1 ) occur over the northern flank of the North Atlantic subtropical gyre along 36°N. This distribution is consistent with organic nutrients formed at the gyre margins supporting carbon export as they are redistributed via the gyre circulation. The effect of DON and DOP transport and cycling on export production is examined in an eddy-permitting, coupled physical and nutrient model integrated for 40 years: organic nutrients are produced in the upwelling zones off North Africa and transferred laterally into the gyre interior, facilitated in part by the mesoscale eddy circulation, as well as fluxed northward from the tropics as part of the overturning circulation. Inputs of semilabile DON and DOP to the tropical and subtropical Atlantic Ocean play an important role in sustaining up to typically 40 and 70% of the modeled particulate N and P export, particularly on the eastern and equatorward sides of the subtropical gyres.
Introduction
[2] Export production over the extensive oligotrophic subtropical gyres is thought to account for up to half of global oceanic carbon export [Emerson et al., 1997 [Emerson et al., , 2001 ]. In the Sargasso Sea, export production has been estimated to be in excess of 4 mol C m À2 yr À1 [Jenkins, 1982; Jenkins and Goldman, 1985] , requiring a nutrient supply of at least 0.6 mol N m À2 yr À1 and $38 mmol P m À2 yr À1 if Redfield stoichiometry is assumed. A range of mechanisms have been invoked for the provision of nutrients to the euphotic zone, including atmospheric deposition, convection, diapycnal diffusion and N 2 fixation; however, rates of nutrient supply by these processes are thought to fall short of the levels required to sustain the inferred export production (see reviews by McGillicuddy et al. [1998] , Williams and Follows [2003] , and Pelegrí et al. [2006] ). The process of N 2 fixation would require an additional source of phosphorous [Mahaffey et al., 2004] , whilst atmospheric deposition provides nutrient inputs with N to P ratios far above Redfield stoichiometry [Baker et al., 2003] .
[3] A possible mechanism to sustain export production in oligotrophic gyres is the supply of dissolved organic matter (DOM) to the euphotic zone. For this mechanism to be important, DOM needs to be transferred from productive upwelling zones into the interior of the oligotrophic gyres within the upper ocean. The surface geostrophic circulation can easily redistribute tracers over much of the subtropical gyres through narrow western boundary currents, gyre-scale flows, and mesoscale eddies [Pelegrí and Csanady, 1991; Williams and Follows, 2003; Williams et al., 2006] . Along gyre boundaries, the wind-driven Ekman transfer also becomes important in transferring inorganic nutrients [Williams and Follows, 1998 ] and DOM [Mahaffey et al., 2004] into the subtropical gyres.
[4] In support of this view, DOM concentrations have been found to dominate the nitrogen and phosphorus pools in the euphotic zone over the oligotrophic gyres [e.g., Vidal et al., 1999; Abell et al., 2000; Mahaffey et al., 2004] . The presence of DOM is only important though if the DOM can ultimately enhance the nutrient supply to primary producers: labile forms of the dissolved organic nitrogen (DON) pool can be taken up by primary producers [Antia et al., 1991; Bronk, 2002; Berman and Bronk, 2003; Bronk et al., 2007] , while semilabile forms may be broken down by bacterial activity and by phytoplankton proteolytic enzymes (intracellular or extracellular) and thus become available [Bronk et al., 2007] . Part of the refractory DON pool can also become bioavailable upon exposure to natural UV photo-oxidation processes [Bushaw et al., 1996] and/or bacterial degradation [Bronk et al., 2007] . The dissolved organic phosphorus (DOP) pool is mostly bioavailable [Karl and Yanagi, 1997; Björkman et al., 2000; Karl and Björkman, 2002] and preferentially remineralized (mainly by bacterial transformations) from DOM relative to nitrogen and carbon [Clark et al., 1998; Kolowith et al., 2001] . However, despite the potential importance of DON and DOP, there has not been a systematic mapping of their basin-scale distributions, apart from a few large-scale surveys [e.g., Vidal et al., 1999; Moutin et al., 2008] .
[5] In support of this mechanism, a recent modeling study by Roussenov et al. [2006] suggested that the horizontal transport of DON and DOP can provide nutrient inputs to sustain a significant fraction of export production over the North Atlantic subtropical gyre. The controlling mechanism involves an interplay of DOM production, transport and utilization: DOM is preferentially formed in upwelling zones along the equatorial region and off the northwest African coast. The semilabile and refractory fractions of DOM, with lifetimes of months to years, are transported away from these formation regions. DOM is horizontally transported within the mixed layer, then partly utilized in summer, sustaining extra phytoplankton growth, which in turn produces a smaller concentration of DOM that is again transported into the gyre interior [Williams and Follows, 1998; Roussenov et al., 2006] .
[6] In the present work we focus on the North Atlantic subtropical gyre and assess the hypothesis that DON and DOP provide an important nutrient supply, therefore contributing to export production. Firstly, the large-scale distributions of DON and DOP are mapped over the tropical and subtropical Atlantic Ocean in order to test whether their patterns are consistent with this hypothesis. For this, data from six recent Atlantic Meridional Transects (AMT) and two zonal transects (24°N and 36°N), are presented. Second, the potential effect of the transport and cycling of DON and DOP on export production is assessed using an eddypermitting model of the Atlantic Ocean, integrated for 40 years with a resolution of 0.23°Â 0.23°, extending the previous coarser-resolution study of Roussenov et al. [2006] .
Methods
[7] The observational approach is now set out, including the distribution of cruises and the analysis techniques employed for the dissolved organic nutrients.
Oceanographic Surveys
[8] In order to reveal the dissolved organic nutrient distributions, six meridional cruises were conducted in the Atlantic Ocean and two zonal cruises in the North Atlantic between spring 2000 and autumn 2005 ( Figure 1 and Table 1 ). The effort described here makes use of cruises within the AMT framework (http://www.amt-uk.org), a programme designed to evaluate basin-scale biogeochemistry in the entire Atlantic and hydrographic cruises which undertake full depth CTD sections across the North Atlantic to measure heat transport. The AMT cruises were designed to sample different gyre and upwelling regimes in the Atlantic between 50°N and 50°S: the transects crossed the eastern side of the North Atlantic subtropical gyre, extending from 45°W in the gyre interior to 18°W close to the coastal upwelling, usually passing along 25°W from the equator to around 30°S through the South Atlantic subtropical gyre, and then extending through the southwestern and southeastern parts of the South Atlantic (Figure 1 ). The two zonal cruises crossed the North Atlantic from coast to coast along 24.5°N and 36°N in order to close property budgets: the 24°N transect passes through the southern side of the North Atlantic subtropical gyre, while the 36°N transect passes through its northern flank, including where the Gulf Stream separates from the coast. [Holligan, 2004; Rees, 2004] and 0.15 and 0.03 mmol L À1 for NO 3 À and PO 4 3À , respectively, using the Skalar autoanalyzer [Cunningham, 2005; McDonagh, 2007] .
Total Dissolved Nutrients and Dissolved Organic Nutrients
[10] Seawater was collected in sterile 60 mL polystyrene vials and returned to shore frozen at À20°C for the determination of organic nutrients [Sanders et al., 2005] . Only samples from the AMT10, 12, 14, 16, and 17 and 36°N cruises were filtered (47 mm Ø, 0.7 mm GF/F filters combusted at 450°C for 4 h). At each sampling station, 5 to 24 samples were collected down to $5000 m, with a higher vertical resolution (5 to 12 samples) either in the upper 500 m of the water column or within the euphotic layer (down to 0.1% of surface irradiance). Further details can be found in Table 1 and citations therein.
[11] During the 36°N cruise, filtered and unfiltered seawater was collected in order to test whether differences in the organic nutrient determinations emerged due to the particle content within 60 mL of seawater. Analyses revealed no significant differences between filtered and unfiltered samples (Figures 2a and 2b) , probably because the particulate pools (N and P) are small relative to the dissolved organic nutrient pools, suggesting that comparison between different cruises with or without filtering is valid. Henceforth, the terms total dissolved nitrogen (TDN) and total dissolved phosphorus (TDP) are used. Dissolved organic nitrogen (DON) and dissolved organic phosphorus (DOP), are further obtained as the difference between the total and the inorganic concentrations as described in section 2.2.4.
UV Versus HTC: Oxidation Efficiency
[12] An important caveat in the interpretation of DON data is related to the oxidation efficiency of the techniques employed. There are three methods commonly used for seawater analysis [Bronk et al., 2000; Sharp, 2002] : ultraviolet photo-oxidation (UV), high-temperature combustion (HTC) and persulphate oxidation (PO).
[13] In this study, most TDN and TDP samples from all cruises were converted to PO 4 3À and NO 3 À after photooxidation for 2 h using a Metrohm 705 UV digester system [Sanders and Jickells, 2000] . These were subsequently analyzed using colorimetric techniques as described above. The UV method has the advantage of (1) allowing the simultaneous determination of nitrogen (N) and phosphorus (P), (2) producing comparatively low blanks for both N and P [Sanders and Jickells, 2000; Landolfi, 2005] , (3) having a high oxidation efficiency for P and acceptable efficiency for N, and (4) involving less chemical manipulation as compared with the PO method. The UV oxidation efficiency is assessed throughout the analyses using various organic N and P containing compounds of different labilities (summarized in Table 2 ), which reveal oxidation efficiencies of up to 80% for N and 100% for P. Detection limits for TDN and TDP using the UV method were 0.45 mmol L À1 and 0.03 mmol L
À1
, respectively. Given that the PO and HTC methods are known to achieve higher oxidation efficiencies for N [Bronk et al., 2000] , the PO method [Valderrama, 1981] was also assessed following Bronk et al. [2000] , but it produced unacceptably high blanks even after recrystallizing the persulphate 2 or 3 times.
[14] In addition, sets of duplicate TDN samples were also processed using the HTC method for the 24°N and 36°N cruises using a Shimadzu 5000A DOC analyzer coupled to a Antek 705E chemiluminescent nitrogen detector [AlvarezSalgado and Miller, 1998; Landolfi, 2005] . The HTC efficiency was 96-100% as tested with caffeine standard solutions [Landolfi et al., 2008] . The accuracy of the method was tested by measuring consensus reference materials (CRM, available from Hansell Research Laboratory, University of Miami, Florida). It was within 5% of CRM concentrations for both zonal cruises. Limits of detection with this technique were 1.2 mmol L À1 for N. Data set comparisons show higher HTC-TDN concentrations for the Stns, number of stations where samples for organic nutrient measurements were taken. The meridional cruises are part of the Atlantic Meridional Transect (AMT) Programme [Robinson et al., 2006a [Robinson et al., , 2006b ] (see http://www.amt-uk.org). The zonal cruise at 36°N is part of the consortium programme of same name (http://www.bodc.ac.uk/36n), and the 24°N zonal cruise was part of the core strategic research programme ''Ocean Variability and Climate'' at the National Oceanography Centre, Southampton, United Kingdom [Bryden et al., 2005; Cunningham, 2005] [Mahaffey et al., 2004] , organic nutrient analyses were carried out by the authors at the nutrient analysis facility of the National Oceanography Centre, Southampton, United Kingdom.
Field Observations
[16] The DON and DOP distributions are, firstly, reported in terms of their variation along meridional and zonal Target concentration ranges were 2.5 -10 mmol N L À1 and 1 -2.5 mmol P L À1 . These solutions were prepared using a saline matrix (40 g NaCl L
À1
of Milli-Q water), which was also used as analytical blank.
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transects and, secondly, in terms of composite maps based on the data gathered in the surface waters (upper 100 m).
DON and DOP Meridional and Zonal Sections
[17] DON and DOP concentrations are highest in the upper 300 m of the water column (Figures 3 and 4) , reflecting the production of organic nutrients in the euphotic zone and their transport by the circulation. Over the meridional transects, DON concentrations range from maxima of typically 5 to 6 mmol L À1 to minima of less than 2 mmol L À1 ( Figure 3a) . The highest values occur within the upper 50 to 100 m, while lower values occur at greater depths. In comparing the individual transects, there is significant variability, highlighting how the dissolved organic nutrient distributions vary in time, reflecting seasonal and interannual variability (Table 1) , as well as possible spatial differences ( Figure 1 ). It is difficult to explain all of this detailed variability, but there are some consistent features. Higher DON concentrations are confined over the upper 50 m in the ) and (b) percentage of total nitrogen provided by DON from AMT10, AMT12, AMT14, AMT15, and AMT17. White represents regions with no data. All analyses use the UV photo-oxidation method, apart from AMT17 that uses the HTC method. Produced using Ocean Data View (Schlitzer, 2009 ). ). White represents regions with no data. All analyses use the UV photo-oxidation method. Produced using Ocean Data View (Schlitzer, 2009 ). ).
[18] DON dominates the total dissolved nitrogen (TDN) pool over these surface waters, accounting for more than 90% of the TDN (Figure 3b ). The fractional contribution of the DON to total nitrogen again reflects the gyre-scale pattern of the thermocline: DON makes a dominant contribution for waters above the thermocline, but less important within the thermocline due to greater concentrations of nitrate.
[19] The DOP concentrations also vary over the basin (Figure 4a , while there are minima of 0.05 mmol L À1 or less over the North Atlantic subtropical gyre. There are year on year differences with the DOP minima in the North Atlantic subtropical gyre, being most apparent for the western transects AMT12, AMT14 and AMT16, still evident for the eastern transect AMT15, but absent for the western transect AMT17. Again DOP provides the dominant contribution to the total dissolved phosphorus (TDP), accounting for more than 75% of phosphorus in the upper 50 m along the transects (Figure 4b) .
[20] The zonal transects across the North Atlantic subtropical gyre reveal less striking contrasts than seen in the ; Figure 5a ). There is more variability in the DOP concentrations: slightly higher concentrations of DOP to the west along 24.5°N (Figure 5g ), but conversely slightly higher DOP concentrations to the east along 36°N (Figure 5c ). As seen before, the DON and DOP again provide the dominant contributions to TDN and TDP (Figures 5b, 5d , 5f, and 5h), respectively over the upper 100 m along 36°N and the upper 200 m along 24.5°N.
Composite Surface Maps for DON and DOP
[21] Given this data set for DON and DOP, we wish to construct composite maps for their surface variation over the Atlantic basin. However, the meridional sections reveal significant interannual variability in the data, so care needs to be taken when melding the data together.
[22] Consequently, we start by considering the data variability within 10°by 10°latitude-longitude cells over the basin. For each cell, all of the data over the upper 100 m is averaged together to form a mean and standard deviation (s), where the standard deviation conveys how variable the data is. To gain confidence in how representative the mean is, the number of independent data points (n) are taken from the number of stations and a standard error is evaluated, s/n 1/2 ; note that n is not taken from all the data points, as many samples from a single station need not be independent of each other, but samples from different stations (usually separated by 100 km or more) are viewed as being independent.
[23] Differences in the mean of DON and DOP for each cell over the basin typically reach 2 to 3 mmol L À1 and 0.1 Figure 6 . Statistics for DON and DOP sampling over the upper 100 m in the Atlantic: (a, b) mean and standard deviation (s) in each 10°cell; (c, d) number of independent data points (n) given by the number of stations and the implied standard error (s/n 1/2 ). Produced using Ocean Data View (Schlitzer, 2009 
, respectively (Figures 6a and 6b) . The standard deviations of DON and DOP (of the data making up the mean for each cell) are only slightly smaller than the mean, typically reaching 1 to 2 mmol L À1 and 0.1 to 0.2 mmol L
À1
, respectively: the standard deviations are largest where the mean values are high, toward the eastern boundary in the North Atlantic subtropical gyre and around the tropics. Hence, there is significant variability in the DON and DOP for each region, as suggested in the meridional transects (Figures 3 and 4) .
[24] Over most of the North Atlantic, there are typically 20 to 50 independent stations within each of these 10°cells (Figures 6c and 6d) . Consequently, the standard errors for DON and DOP reduce to less than 1 mmol L À1 and 0.1 mmol L
, respectively (Figures 6c and 6d) , which are always much less than the mean or standard deviations for each cell. Over the South Atlantic and parts of the western North Atlantic, the number of independent stations reduces to 10 or less, but the standard errors still appear to be relatively small, since the standard deviations are also small there. Thus, differences in the mean DON and DOP appear to be generally larger than the standard errors, suggesting the basin-scale patterns are reliable.
[25] Given this analysis, we now consider the basin-scale variations in DON and DOP formed from the average of the available data over the upper 100 m. The composite map for DON (Figure 7a ) reveals maximum concentrations of 5 to 6 mmol L À1 at 18°N off North Africa, where there is intense upwelling, along 24.5°N in the western Atlantic and just south of the equator at 5°S, while there are local minima of 4 mmol L À1 along the northern flank of the subtropical gyre at 36°N and a narrow equatorial band along 5 to 10°N extending off North Africa (Figure 7a) .
[26] The DOP distribution reveals a stronger contrast than seen in DON: there are generally elevated concentrations of 0.2 mmol L À1 in the South Atlantic subtropical gyre and depleted concentrations of less than 0.05 mmol L À1 over parts of the North Atlantic subtropical gyre (Figure 7b ).
Hence, DON and DOP appear to be cycled in a different manner in each basin, perhaps reflecting differences in the availability of nitrate and phosphate in each basin or differences in how bioavailable the DON and DOP are. Given these observed distributions, we next consider a model investigation.
Model Assessment of DON and DOP Transport and Its Effect on Export Production
[27] The role of DON and DOP in the Atlantic are now investigated using eddy-permitting experiments integrated for many decades, extending the previous coarse-resolution study of Roussenov et al. [2006] .
Model Formulation and Physical Closures
[28] The model simulations have been conducted using an isopycnic model (MICOM 2.7) [Bleck and Smith, 1990] with a formulation similar to that employed by , but with a higher horizontal resolution of 0.23°a s in the work of Roussenov et al. [2008] , rather than 1.4°. The physical and nutrient closures are briefly reviewed, although more details are provided by Roussenov et al. [2006] .
[29] The model includes 15 s 2 isopycnal layers in the vertical, plus a surface mixed layer with variable density. The model domain extends from 35°S to 65°N and from 98.5°W to 19°E with the topography taken from ETOP05 [GEBCO, 2003] data averaged within the model grid. At the northern and southern boundaries, sponge layers are incorporated below the mixed layer: isopycnal depths and salinity are relaxed toward climatology in relaxation zones extending for 8°in latitude on the southern boundary and 4°o n the northern boundary with the relaxation time scale increasing from 30 days on the boundary to 180 days at the interior edge of the sponge layer. The Strait of Gibraltar is closed, but the salinity of subsurface layers close to the strait is relaxed to climatology on a 30 day relaxation time scale. ). Produced using Ocean Data View (Schlitzer, 2009 ).
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[30] Outside the mixed layer and these sponge layers, the only diapycnal mixing is achieved via a mixing coefficient, k = 10 À7 m 2 s À2 /N, varying with buoyancy frequency N, which typically gives 4 Â 10 À5 m 2 s À1 for N $ 2.5 Â 10 À3 s
À1
within the main thermocline. In addition, the isopycnic model employs isopycnic mixing of tracers and thickness diffusion (using a diffusive velocity of 0.5 cm s À1 with Laplacian and biharmonic forms, respectively), and deformation-dependent momentum mixing (using a background mixing velocity of 1 cm s À1 with a Laplacian dependence).
[31] The dynamical model is initialized from Levitus climatology [World Ocean Atlas, 1998 ] and integrated for 60 years forced by NCEP monthly mean winds and surface fluxes in a repeating climatological mean year mode. Rivers are added as freshwater fluxes at corresponding coastal grid points. From year 60, the dynamical model is coupled with the nitrate/phosphate model with a setup similar to Williams et al. [2006] and Roussenov et al. [2006] , and integrated for another 40 years [Roussenov et al., 2008] .
Nutrient Closures
[32] The physical model is coupled to a simplified nutrient model including inorganic and dissolved organic pools. Model integrations are conducted separately for nitrogen and phosphorus in order to reveal how differences in their recycling of organic matter affect export production.
[33] In each case, the total nutrient content is separated into a dissolved inorganic pool, dissolved organic matter (DOM) consisting of semilabile and refractory components, and particulate organic matter (POM). The organic matter in the model is only formed over the euphotic zone, which has a constant thickness of 100 m. The POM is assumed to fallout and be remineralized in the interior with a vertical remineralization scale of $200 m [Jenkins, 1998; Roussenov et al., 2006] . The dissolved inorganic, labile and refractory organic nutrients are transported by the circulation with life times in the euphotic zone of typically 6 months for the semilabile and 6 -12 years for the refractory component, depending on the short wave radiation availability.
[34] The rate of consumption of the inorganic nutrients follows Michaelis-Menten kinetics with a dependence on the radiation intensity and the inorganic nutrient concentrations [see Roussenov et al., 2006] . The consumed fraction of inorganic nutrients is split into POM and DOM related parts in a 50:50 ratio for nutrient rich waters (>5 mmol L À1 NO 3 À ) and 35:65 in nutrient poor waters. The DOM is further split into semilabile and refractory fractions, which form the corresponding sources for the semilabile and refractory DOM.
[35] The initial nitrate is taken from climatology [Conkright et al., 1994] while the semilabile DON and DOP are initialized to be 0 and the refractory DON initialized as 1 mmol L À1 (0.02 mmol L À1 for DOP). Along the southern closed boundary, nutrients are continuously relaxed to the initial condition within the buffer zones, and there are no atmospheric or riverine inputs of nutrients, nor any loss of nutrients on the seafloor through burial.
[36] The separate integrations for the nitrogen and phosphorus models use the same parameters in most of the model closures: maximum export rates, light dependence, similar split between DOM and particulate organic matter (POM), and decay time scales for the refractory and semilabile parts of DOM. The only important difference in the nitrogen and phosphorus recycling is related to the larger refractory component of DON; newly formed DON is assumed to be 50% semilabile and 50% refractory, while 95% of the newly formed DOP is assumed to be semilabile and only 5% refractory.
[37] The initial phosphate field is based on the initial nitrate field, assuming constant Redfield ratio N:P = 16:1. This type of initial state for the phosphate has been chosen, instead of climatological data, in order to allow the model to produce phosphate and DOP fields, depending entirely on the difference in the nitrogen and phosphate recycling in the nutrient model.
Modeled Nutrient Distributions
[38] The surface nutrient distributions and the effect of the organic nutrients in sustaining export production is now assessed; for more details of the background nutrient distributions, see Roussenov et al. [2006] and Williams et al. [2006] .
Dissolved Inorganic Nutrients
[39] Meridional sections of nitrate and phosphate from the model reveal the expected surface oligotrophic waters over much of the subtropical and tropical Atlantic, overlying nutrient-rich waters within the underlying thermocline and associated nutricline (Figures 8a and 8b) : the nutricline is raised toward the sea surface in the tropics and deepens over the subtropical gyres in the North and South Atlantic.
[40] Over the upper 100 m, the inorganic nutrients have elevated concentrations greater than 10 mmol L À1 for NO 3 À and 0.75 mmol L À1 for PO 4 3À at high latitudes over the subpolar gyre where convection and upwelling occur, as well as over the upwelling zones off the coast of Africa (Figures 9a and 9b) . In contrast, there are relatively depleted nutrient concentrations, <0.4 mmol L À1 for NO 3 À and <0.05 mmol L À1 for PO 4 3À , over the subtropical gyres, where there is downwelling and limited convection.
[41] This snapshot reveals the advection of subtropical waters along the Gulf Stream carrying low concentrations of inorganic nutrients in the upper 100 m (Figures 9a and 9b ). This signal is in contrast to the underlying, subsurface advection of nutrients with high concentrations along the Gulf Stream at depths of 200 m to 800 m [Pelegrí and Csanady, 1991; Williams et al., 2006] . In addition, there are fine-scale filaments associated with the eddy transfer of nutrients over the basin, evident whenever there is sufficient gradient in the tracer.
[42] In comparison with the previous coarse-resolution study of Roussenov et al. [2006] , this higher-resolution study leads to surface oligotrophic waters being more extensive over the North Atlantic subtropical gyre. The more vigorous horizontal circulation leads to an improved northward penetration of nutrient-rich waters in the nutrient stream linked with the Gulf Stream, which are transferred more realistically to higher latitudes, rather than midlatitudes.
Dissolved Organic Nutrients
[43] In the model, the dissolved organic nutrients are again concentrated within the surface waters, having the opposite relationship with the thermocline as seen for , respectively (Figures 9c and 9d) . The lowest concentrations of dissolved organic nutrients in the upper 100 m occur over the high latitudes (<4 mmol L À1 and <0.075 mmol L À1 for DON and DOP, respectively). At these latitudes the increase in convection leads to a dilution of the organic nutrients formed in the surface layer. Lowest concentrations occur also off the southwest coast of Africa at 20°S, where there is upwelling of deeper waters with low concentrations of DON and DOP .
[44] While the observations of DON and DOP are noisier (Figures 3 -7) , there are broadly similar basin-scale patterns in the model: in both cases, high concentrations of DON occur along the equatorial flank and central parts of the subtropical gyres, and high concentrations of DOP occur in the South Atlantic subtropical gyre and off Africa at around 20°N. The observations differ from the model though in having slightly lower concentrations of DON along 36°N, as well as higher concentrations of DON and DOP in the northeast Atlantic around 45°N, which probably reflect shelf inputs (Figures 3 -9) . The model predicts lower concentrations of DON and DOP at higher latitudes in the subpolar gyre through the dilution effect of convection .
[45] In comparison with the previous coarse-resolution model study, the eddy-permitting results have lower concentrations in DON and DOP over the North Atlantic subtropical gyre, reflecting how lower inorganic nutrient concentrations lead to less DON and DOP production. In the high-resolution case, the DON and DOP patterns have a finer-scale structure, revealing relatively elevated concentrations being transferred along the Gulf Stream and eddy transfer of high tracer concentrations from the African upwelling sites (Figures 9c and 9d) .
[46] DON and DOP again provide important contributions to TDN and TDP, accounting for >80% of TDN and >60% of TDP over both the North Atlantic and South Atlantic subtropical gyres, and along the equator away from upwelling regions (Figures 9e and 9f ). Low contributions (<50% of TDN and <30% of TDP) occur over subpolar regions due to dilution by winter deep convection, as well as over part of the upwelling zones off southwest and northwest Africa at 10°N and 25°S due to upwelled deep waters having low concentrations of DON and DOP (Figures 9e  and 9f ).
Modeled Effect of DON and DOP on Export Production
[47] The model estimates of particulate nitrogen (PN) and particulate phosphorus (PP) export reveal highest rates over subpolar areas and upwelling regions, reaching 0.3-0.4 mol N m À2 yr À1 and 20-30 mmol P m À2 yr À1 , while lower rates occur over much of the North Atlantic subtropical gyre, $0.1 mol N m À2 yr À1 and 5 -12 mmol P m À2 yr À1 for PN and PP, respectively (Figures 10a and 10b) . Within the North Atlantic subtropical gyre, higher export rates occur along the eastern and equatorial sides, broadly following the plume of dissolved organic nutrients advected from the upwelling sites (Figures 9c and 9d ). Whether these export estimates are realistic is difficult to assess: there is a slightly larger range in the inverse study of Schlitzer [2000] , with a PN export rate of 0.4 mol N m À2 yr À1 in the tropics around 10°N and decreasing to less than 0.1 mol N m À2 yr À1 in the oligotrophic subtropical gyre at 40°N. Our model estimates are also slightly lower than in coarse model experiments , as there are generally lower concentrations of surface inorganic nutrients in the tropics and subtropical gyres. ). Produced using Ocean Data View (Schlitzer, 2009 ).
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[48] Accepting these caveats, the importance of DON and DOP inputs in sustaining export production is now assessed from the difference between two model integrations: the default integration including recycling of semilabile DOM and a separate integration where the DOM is assumed to be all refractory (so does not contribute to export production). These model evaluations are repeated separately for N and P.
[49] The model experiments reveal that semilabile DON inputs can sustain typically 40% or more of the PN export over the eastern and southern sides of the North Atlantic subtropical gyre (Figure 10c) . The semilabile inputs of DOP are even more important in sustaining 60 to 70% of the PP export (Figure 10d ). The role of DON and DOP in sustaining export production in these eddy-permitting integrations is surprisingly similar to that diagnosed in the coarseresolution study . Thus, while the higher-resolution model has enabled a more vigorous circulation to develop with more plausible nutrient distributions, the effect of the semilabile inputs of DON and DOP on the export production is much the same. In both cases, [50] While the end result is much the same, the mechanism by which the DON and DOP is transferred from their sources at the eastern boundary and tropics into the gyre interior does vary: in the higher-resolution case, eddy lateral transfer of the tracers occurs, while in the coarser model the background gyre circulation and isopycnic diffusion provides the transfer.
Discussion
[51] The role of DON and DOP are assessed here through a combined observational and modeling study. Distributions of DON and DOP are diagnosed through 8 recent transects over the Atlantic Ocean. The DON and DOP concentrations are surface intensified with greater values above the thermocline, where they provide the dominant contributions to the total dissolved nitrogen and phosphorus pools. There are elevated concentrations of DON over the upper 100 m close to the African upwelling zone at 18°N and south of the equator around 10°S, as well as lower values at 36°N. There are stronger basin-scale contrasts in DOP, generally higher values also over the African upwelling zone and the South Atlantic subtropical gyre, but very low concentrations over much of the North Atlantic subtropical gyre.
[52] The reduced DOP in the North Atlantic subtropical gyre coincides with very low surface phosphate concentrations and probably reflects increased utilization of DOP [Mather et al., 2008] . Enhanced cycling and utilization of DOP is indeed expected north of the equator in the tropical Atlantic, where there is enhanced nitrogen fixation [Dyhrman et al., 2006; Sohm and Capone, 2006; Reynolds et al., 2007] , probably sustained by iron supplied via Saharan dust inputs [Mills et al., 2004; Jickells et al., 2005] .
[53] While there is variability in the distribution of organic nutrients, the large-scale patterns shown are consistent with the hypothesis put forward; these organic nutrients are produced at the eastern margin of the North Atlantic subtropical gyre and over the equatorial region, and are then redistributed toward the gyre interior, therefore providing an additional source of nutrients to sustain carbon export.
[54] In support of this view, the accompanying model study shows that the DON and DOP are generated along the eastern boundary of the North Atlantic subtropical gyre and the tropics through the consumption of inorganic nutrients (Figure 11a) , sustained by the vertical upwelling of nutrientrich thermocline and deep waters. The DON and DOP are then transferred into the interior of the North Atlantic subtropical gyre through a lateral transfer, achieved partly by mesoscale eddies; this pathway is more clearly revealed in this eddy-permitting study than in the previous coarsemodel assessment of Roussenov et al. [2006] , where there were smoother distributions of DON and DOP. The DON and DOP are systematically transported northward over the basin as part of the overturning circulation, where the northward flux of DON and DOP is greatest at 10°N reaching 180 kmol s À1 and 4 kmol s À1 over the upper 600 m, respectively, and then progressively decreases northward ( Figure 11b) ; the flux of DOP is smaller than that of DON due to the DOP being more labile and so having very low concentrations at depth.
[55] The model study suggests that transport and cycling of DON and DOP does help to support export production over the oligotrophic gyres: inputs of semilabile DON sustain typically 40% of the PN export over the subtropical gyres, while inputs of semilabile DOP support typically 70% of PP export over the eastern and southern flanks of the North Atlantic subtropical gyre. Hence, the cycling of DOP appears to be more important than that of DON for the North Atlantic, probably reflecting both how more of the DOP is semilabile than in the DON pool and how it is more difficult to supply phosphorus to surface waters than nitrogen in the North Atlantic.
[56] In summary, DON and DOP play a central role in the nutrient cycling of the oligotrophic Atlantic, dominating the total nutrient pools in the surface waters, and helping to sustain the export production on the eastern and central sides of the basin, but are less important on the western sides of the basin. Given this important role, it is likely that DON and DOP have a similar effect in surface waters of other oligotrophic systems, including other subtropical gyres, the Mediterranean Sea and summer, stratified shelf seas. ) of DON (full line) and DOP (dashed line) averaged over the upper 600 m and across the width of the basin: there is a northward transport from the tropics, which is greater for DON due to its higher refractory content than for DOP.
